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Abstract
Heterozygote disadvantage is potentially a potent driver of popu-
lation genetic divergence. Also referred to as underdominance, this
phenomena describes a situation where a genetic heterozygote has a
lower overall fitness than either homozygote. Attention so far has
mostly been given to underdominance within a single population and
the maintenance of genetic differences between two populations ex-
changing migrants. Here we explore the dynamics of an underdom-
inant system in a network of multiple discrete, yet interconnected,
populations. Stability of genetic differences in response to increases
in migration in various topological networks is assessed. The network
topology can have a dominant and occasionally non-intuitive influence
on the genetic stability of the system.
Keywords: Underdominance, Coordination Game, Network Topology,
Dynamical System, Population Genetics
1 Introduction
Variation in the fitness of genotypes resulting from combinations of two al-
leles (e.g., A- and B-type alleles combined into AA-, AB-, or BB-genotypes
resulting in wAA, wAB, and wBB fitnesses respectively) result in different
evolutionary dynamics. The case in which a heterozygote has a lower fitness
than either homozygote, wAB < wAA and wAB < wBB, is termed under-
dominance or heterozygote disadvantage. In this case there is an internal
unstable equilibrium so that the fixation or loss of an allele depends on its
starting frequency. In a single population, stable polymorphism is not possi-
ble. However, when certain conditions are met, populations that are coupled
by migration (the exchange of some fraction of alleles each generation) can
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result in a stable selection-migration equilibrium. This selection-migration
equilibrium is associated with a critical migration rate (m∗); above this point
the mixing between populations is sufficiently high for the system to behave
as a single population and all internal stability is lost (Altrock et al., 2010).
Underdominance can be thought of as an evolutionary bistable switch.
From the perspective of game-theory dynamics it can be interpreted as a
coordination game (Traulsen and Reed, 2012). The properties of under-
dominance in single and multiple populations have led to proposals of a
role of underdominance in producing barriers to gene flow during speciation
(Faria and Navarro, 2010; Harewood et al., 2010) as well as proposals to
utilize underdominace both to transform the properties of wild populations
in genetic pest management applications (Curtis, 1968; Davis et al., 2001;
Sinkins and Gould, 2006; Reeves et al., 2014) and to engineer barriers to gene
flow (transgene mitigation) from genetically modified crops to unmodified
relatives (Soboleva et al., 2003; Reeves and Reed, 2014).
The properties of underdominance in a single population are well under-
stood (Fisher, 1922; Haldane, 1927; Wright, 1931) and the two-population
case has been studied in some detail (Karlin and McGregor, 1972a,b; Lande,
1985; Wilson and Turelli, 1986; Spirito et al., 1991; Altrock et al., 2010,
2011), with fewer analytic treatments of three or more populations (Karlin
and McGregor, 1972a,b). Simulation-based studies have been conducted for
populations connected in a lattice (Schierup and Christiansen, 1996; Payne
et al., 2007; Eppstein et al., 2009; Landguth et al., 2015) and “wave” approx-
imations have been used to study the flow of underdominant alleles under
conditions of isolation by distance (Fisher, 1937; Pia´lek and Barton, 1997;
Soboleva et al., 2003; Barton and Turelli, 2011). Despite these properties
and potential applications, underdominance has been relatively neglected
in population genetic research (Bengtsson and Bodmer, 1976). A large fo-
cus of earlier theoretical work with underdominance was on how new rare
mutations resulting in underdominance might become established in a pop-
ulation (Wright, 1941; Bengtsson and Bodmer, 1976; Hedrick, 1981; Walsh,
1982; Hedrick and Levin, 1984; Lande, 1984, 1985; Barton and Rouhani,
1991; Spirito, 1992). However, here we are addressing the properties of how
underdominant polymorphisms may persist once established within a set of
populations rather than how they were established in the first place.
We explicitly focus on discrete populations that are connected by mi-
gration in a population network. We have found that the topology of the
network has a profound influence on the stability of underdominant poly-
morphisms that has been otherwise overlooked. This influence is not always
intuitive a priori. These results have implications for the effects of network
topology on a dynamic system (see for review Strogatz, 2001), particularly
for interactions related to the coordination game (such as the stag hunt,
Skyrms, 2001), theories of speciation, the maintenance of biological diver-
sity, and applications of underdominance to both protect wild populations
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from genetic modification or to genetically engineer the properties of wild
populations—depending on the goals of the application.
2 Methods and Results
We are considering simple graphs in the sense of graph theory to repre-
sent the population network: each pair of nodes can be connected by at
most a single undirected edge. A graph G = (N ,E ), is constructed from
a set of nodes, N (also referred to a vetexes), and a set of edges, E , that
connect pairs of nodes. For convenience V = |N | and E = |E |, we chose
V (for vertex) to represent the number of nodes to avoid future conflict
with N symbolizing finite population size in population genetics. A node
corresponds to a population made up of a large number of random-mating
(well mixed) individuals (a Wright-Fisher population, (Fisher, 1922; Wright,
1931) with independent Hardy-Weinberg allelic associations, (Hardy, 1908))
and the edges represent corridors of restricted migration between the pop-
ulations. We are also only considering undirected graphs: in the present
context this represents equal bidirectional migration between the popula-
tion nodes. Furthermore, we are only considering connected graphs (each
node can ultimately be visited from every other node) and unlabeled graphs
so that isomorphic graphs are considered equivalent.
The network graph G is represented by a symmetric V × V adjacency
matrix A .
A =

a1,1 a1,2 a1,3 . . . a1,V
a2,1 a2,2 a2,3 . . . a2,V
a3,1 a3,2 a3,3 . . . a2,V
...
...
...
. . .
...
aV,1 aV,2 aV,3 . . . aV,V

The presence of an edge between two nodes is represented by a one and
the absence of an edge is a zero. The connectivity of a node is
ci =
∑
j∈N
ai,j
Each generation, g, the allele frequency, p of each population node, i, is
updated with the fraction of immigrants from n adjacent populations, j, at
a migration rate of m.
pi,g = (1− cim)pi,g−1 +
N∑
j=1
mai,jpj,g−1
3
Note that this equation will not be appropriate if the fraction of alleles
introduced into a population exceeded unity. See the discussion of the star
topologies illustrated in Figure 1.
The frequencies, adjusted for migration, are then paired into genotypes
and undergo the effects of selection. The remaining allelic transmission sum
is normalized by the total transmission of all alleles to the next generation
to render an allele frequency from zero to one.
p′i,g =
p2i,g + ωpi,g(1− pi,g)
p2i,g + 2ωpi,g(1− pi,g) + (1− pi,g)2
Note that here for simplicity we set the relative fitness of the homozy-
gotes to one, wAA = wBB = 1 and the heterozygote fitness is represented
by wAB = ω.
2.1 Analytic Results
Underdominance in a single population has one central unstable equilibrium
and two trivial stable equilibria at p = 0 and p = 1. When one considers
multiplying the three fixed points of a single population into multiple di-
mensions it can be seen that, if migration rates are sufficiently small, nine
equilibria (3×3) exist in the two-population system. Again, there is a central
unstable equilibrium, the two trivial stable equilibria, and two additional in-
ternal stable equilibria. The remaining four fixed points are unstable saddle
points that separate the basins of attraction (see Figure 3 of Altrock et al.,
2010). However, as the migration rates increase the internal stable points
merge with the neighboring saddle points and become unstable themselves
(Karlin and McGregor, 1972b; Altrock et al., 2010). In three populations
there are a maximum of 27 (3× 3× 3) fixed points. The three types found
in a single population, six internal stable equilibria, and 18 saddle points.
The general pattern is that in V populations there are a maximum of 3V
equilibria if migration rates are sufficiently low. There will always be one
central unstable equilibrium (a trajectory starting near this point can end
up in any of the basins of attraction) and two trivial fixation or loss points.
A V -dimensional hypercube represents the state space of joint allele frequen-
cies of a V -population system. This hypercube has 2V vertexes (corners).
It can be seen that the internal stable points, if they exist, are near these
corners when the corners represent a mix of zero and one allele frequencies.
There are exactly two corners, the trivial global fixation and loss points,
that do not contain a mix of unequal coordinate frequencies. Thus, there
are 2V − 2 possible internal stable points that represent alternative config-
urations of a migration-selection equilibrium polymorphism. Finally there
are up to 3V − 2V − 3 saddle points that separate 2V possible (but never
less than two) domains of attraction.
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We have a system of equations, p′i,g, that describe the dynamics of allele
frequency change within each population and these dynamics are coupled by
migration. It is useful to think of the difference in frequency each generation,
δp,i = p
′
i,g − p′i,g−1. We can set δp,∀i = 0 to solve for fixed points in the state
space. However, the system needs to be simplified in order to be tractable.
For example if we only look along the p1 = p2 axis in the two-population
case we get three solutions, p = 0, p = 1, and
pˆ∀i∈N =
wAA − wAB
wAA + wBB − 2wAB
in the general case and
pˆ∀i∈N =
1− ω
2− 2ω =
1
2
in the simplified (equal homozygote fitness) case. The first two points are the
trivial loss of polymorphism. The third is identical to the internal unstable
equilibrium point in a single population (Altrock et al., 2010).
In fact this unstable equilibrium point is always found along the p1 =
p2 = · · · = pV axis. Note that the migration rate, m, is not a part of the
solution. The position of this point in the state space is independent of
migration rates. Since it falls along the axis where the allele frequencies of
all populations are equal, migration between populations, and in fact the
population network topology itself, has no effect.
While the position of this internal point remains fixed regardless of the
number of interacting populations in the network, there is a multiple pop-
ulation effect on the rate of change away from this point. Solving for the
eigenvalues, λi, of a Jacobian matrix, J, of partial derivatives of the system
along the p1 = p2 = · · · = pV axis shows that the rate of change follows the
pattern
λ1|p= 1
2
=
2V
1 + ω
− V .
Thus, as the number of interconnected populations increase the magnitude
of flow away from the internal point increases. This rate is a function of
both the heterozyote fitness (ω) and the number of interlinked populations.
At ω = 0, or lethality of the heterozygous condition, the rate of change is
equal to the number of connected populations.
We are also interested in the internal stable equilibria that allow dif-
ferences in allele frequencies among populations to be maintained. In the
two-population special symmetric case this can be solved from J along the
p1 = 1− p2 axis and yields
λ2 = −1− ω + 2m
∗(2m∗ − 3)
(1− 2m∗)2
m∗|λ2=0 =
1
4
(
3−√5 + 4ω)
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Figure 1: The stability of some simple network configurations. For each
number of nodes and network topology (linear in blue, cyclic in red, star-
like in yellow, and fully interconnected in green) the critical migration rate
allowing polymorphic underdominant polymorphism to persist at ω = 1/2
is plotted. Examples of each type of network at V = 5 are plotted as
graphs in the legend to the right. The shading of the nodes represents the
allele frequency between zero and one of each population near the critical
migration rate value.
(see Appendix A of Altrock et al., 2010, for more detail). Unfortunately, with
three or more populations, even with highly symmetrical configurations, we
have not found a single axis or plane through the state space that captures
these internal stable points. Therefore, we have used numerical methods to
characterize the critical points.
2.2 Numerical Simulations
Sets of populations were initialized with approximately half (depending on
if there were an even or odd number of populations) of the nodes in the
network at allele frequencies near zero and half near a frequency of one. The
allele frequencies were offset by a small random amount from zero or one
to avoid being symmetrically balanced on unstable trajectories. Migration
rates were slowly incremented at each step and the system was allowed to
proceed to near equilibrium, when the difference in allele frequencies between
generations was less than 10−10, before the next step. The process was
repeated until the point where a collapse in differences of allele frequencies
6
between all populations was detected. This point was then reported as the
critical migration rate of the network.
2.2.1 Example Topologies
The stability of a range of basic network topologies were investigated, shown
in Figure 1. In general, in these examples, the diameter of the network is
predictive of migration-selection stability. Linear configurations had the
highest stability, cyclic configurations approximately reduced the both the
diameter and stability in half. Fully interconnected populations had both
the smallest diameter and lowest stability.
Another pattern that became apparent is an even-odd alternation in
stability. Except for starlike networks, an odd number of nodes results in a
relatively lower stability than an even number of nodes.
Starlike networks showed an interesting pattern. They were approxi-
mately of the same stability as cyclic networks; however, the even-odd alter-
nation was inverted—odd V graphs showed enhanced stability, showing that
the even-odd pattern is not absolute. At this heterozygote fitness (ω = 1/2)
starlike networks with greater than eight nodes could not be evaluated. At
V ≥ 9 before the critical migration rate is reached the total amount of
immigration into the central population exceeds 100%.
Fully interconnected networks had the lowest stability and by far the
greatest number of edges. Unlike the other networks the fully-interconnected
systems declined at higher V . However, the number of edges grew much
faster than the number of nodes. Note that the even-odd alternation in
relative stability is still apparent, even in these graphs.
The effects of a range of topologies for six nodes and five edges was also
explored, shown in Figure 2. All of these networks have identical treeness,
φtree = 1 (sensu Xie and Levinson, 2007). In general the stability is cor-
related with the diameter of the network. However, the clear exception is
the “double-Y” topology, which has the highest stability of all. This has
inspired an alternative measure of the treeness of a network that we will
refer to as “dendricity” to avoid conflicting with prior definitions of treeness
in the literature.
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Figure 2: The stability of all possible simple connected networks made of
three populations with five corridors of migration. Here the critical migra-
tion rate was evaluated at a relative heterozygote fitness of ω = 3/4. The
networks are arranged by diameter of the network declining from five on the
left to two on the right. The shading of the nodes represents the allele fre-
quency between zero and one of each population near the critical migration
rate value. The shading of the bars is set to 50% gray to aid visualization
of the allele frequencies of the nodes.
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2.2.2 Random Graphs
In order to evaluate general correlations between migration-selection stabil-
ity and network summary statistics we generated 100,000 random connected
graphs of up to 20 nodes in size and evaluated their stability. The results
are summarised in Supplementary Table 1. We found that the most stable
network configurations contained nodes with at most three edges (see the
next section below) so, in order to avoid the problem of the rate of immigra-
tion more than replacing a local population we set a maximum migration
rate of m = 1/3 and reported this as m∗ for the subset of highly stable
network topologies—only 0.64% of the random networks reached this point
of m = 1/3—these highly stable networks are explored in the next section.
The following parameters were estimated from these networks: Variance,
which refers to the variance in connectivity (ci the number of edges incident
with node i) of all the nodes in the network. Efficiency refers to the shortest
path lengths between nodes in the network according to
φefficiency =
1
V (V − 1)
∑
i<j∈V
1
d(i, j)
where d(i, j) is the minimum path length between nodes i and j. The
diameter of the graph is the maximum d(i, j) ∈ G. Dendricity is the fraction
of nodes incident with three edges where at least one edge is a “bridge” edge
(removing bridge edges results in an unconnected graph) out of the total
number of internal nodes. Evenness is simply a binary variable of zero or
one to indicate if an odd or even number of nodes are present in the graph.
Finally, terminalness indicates the fraction of nodes in the graph that are
terminal (or leaf) nodes.
Each of the summary statistics we addressed were significant predictors
of network stability; however, because of correlations between these mea-
sures caution must be used to interpret the results. For example, contrary
to intuition the number of nodes was negatively correlated with stability.
This is because the number of possible edges, which generally lower stabil-
ity, increases dramatically with the number of nodes. When the number of
edges is controlled the number of nodes becomes strongly positively corre-
lated. Simply the number of nodes per edge (V/E) is a powerful predictor of
stability. In general diameter is a strong predictor of stability, particularly
if the number of nodes are held constant (compare to Figure 2). Dendric-
ity and terminalness also performed well as general predictors of stability.
Evenness continues to be a predictor of stability, specifically even ordered
networks have a greater stability than odd ordered ones, but the predic-
tive power is weak compared to other measures. Variance and efficiency
are a bit more difficult to understand. Increased variance in the number
of edges per node is associated with lower stability, while intuitively one
might expect the opposite. When this is measured as variance divided by
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the total number of edges the correlation almost disappears and in fact be-
comes slightly positive—as expected—unless the number of nodes are held
constant. Efficiency also varies in a non-intuitive way. It is positively cor-
related unless either the number of nodes or the number of edges are held
constant where it becomes strongly negatively correlated; however, if both
are constant efficiency becomes slightly positively correlated again.
When exploring model selection to find the minimal adequate model to
predict m∗ via adjusted r2, and Mallows’ Cp as implemented in the R pack-
age “leaps” all ten summary statistics were retained using all four meth-
ods (R Development Core Team, 2008; T. Lumley using Fortran code by
A. Miller, 2009). Using all of the predictors in the full linear model explains
the majority, r2 = 0.72, of the variation in m∗.
2.2.3 Evolving Networks
In order to more fully explore the upper edge of highly stable networks for
a given V we wrote a program that would make random changes to the
network and evolve higher stability configurations. Starting from a fully
interconnected network with as close to half of the nodes near an allele
frequency of zero or one as possible, edges were randomly selected to be re-
moved or added with the constraint that the new network remain connected.
Most frequently a single edge was altered but with reducing frequency two
or more edges could be changed simultaneously to allow larger jumps in
topology and movement away from locally stable configurations. When a
network is altered its m∗new value is determined. If the new critical value is
higher than the value of the current network m∗current, the new network is
adopted for the next step. If the new critical value is lower than the current
network, the new network is adopted with a probability equal to the ratio
of the new and current critical migration values (m∗new/m∗current). This also
allows the network evolution to explore regions off of local maxima. Up to
V = 5 the most stable network configuration was a linear topology. From
V ≥ 6 networks with greater stability than the linear configuration were
found and are illustrated in Figure 3. Note that the number of possible
connected networks increases dramatically with larger V . The most stable
networks found in Figure 3 are not expected to result from an exhaustive
search, particularly for V ≥ 10. They are however meant to illustrate some
general properties of highly stable networks.
2.3 Software Availability
All simulations for both random and evolving networks were written in
Python 2.7.10. The code is freely available on GitHub: https://github.
com/akijarl/NetworkEvolve
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Figure 3: A plot of the stability of highly evolved networks (ω = 0.95). For
comparison the stability of corresponding linear structures is also plotted
(linear, blue). The most stable network found for each V is given (at the
end of 10,000 steps of random changes with a Metropolis-Hastings-like chain
update, starting from a fully interconnected network, over 8 independent
replicate runs), even to the left and odd to the right near each corresponding
plotting point. With small change, networks can be substantially more
stable than the linear configuration. This seems to derive from a balance of
increasing diameter and forked anchoring structures at either end.
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3 Discussion
One result that is beginning to emerge from the study of evolutionary dy-
namics on graphs is that the resulting properties can be sensitive to the
network topology, but often in a non-intuitive way, (e.g. Hindersin and
Traulsen, 2014, 2015). There are some general factors that influence, or
are predictive, of the stability of underdominant polymorphisms in a popu-
lation network. In smaller networks the influence of diameter and evenness
are apparent. The larger the diameter of the network the effectively lower
the migration rate is between the edges of the system, because alleles have
to be exchanged via intermediate nodes; it is well understood that a lower
migration rate enhances migration-selection stability (Altrock et al., 2010).
In contrast the more edges there are in a system the higher the effective
migration rate across the network, which results in lower stability.
The role of the even-odd number is nodes is more subtle. In a system
of coupled populations having an allele frequency near p = 1/2 is inherently
unstable with underdominant fitness effects. An odd ordered network that
is anchored at high and low frequencies near its edges pushes the central
population near p = 1/2, which destabilizes the entire system. Of course
there are exceptions to this rule such as the star network topology (star
networks also have other unusual properties such as acting as amplifiers of
selection Frean et al., 2013; Adlam et al., 2015; Hindersin and Traulsen,
2015), and the importance of evenness declines with larger networks. This
pattern may also change if there are three or more alleles that are underdom-
inant with respect to each other. Interestingly, this effect seems to have been
completely overlooked in previous work using either numerical techniques or
wave approximations to study underdominant-like effects.
The networks that were evolved to higher stability illustrate the effects of
having two “anchor” nodes at each end of a central linear network “trunk.”
The anchors are made up of variations on a theme of a node with three edges
with at least one of these edges being a bridge edge. Intuitively, the flow of
one allele along two paths into a population can overcome the flow of the
alternative allele along a single path, thereby enhancing the stability of the
anchored edges of the system (cf. the discussion of “stem” structures, reser-
voirs, and the movement of clusters of mutants within “superstar” networks
in Jamieson-Lane and Hauert, 2015). In contrast a strictly linear network
allows adjacent populations to collapse one by one without any local restric-
tions in gene flow. Additionally the internal linear trunk has a large diam-
eter further restricting gene flow according to the discussion of the effects
of diameter above (compare this to the predictions of underdominance-like
dynamics in a continuous population and the tendency of “tension zones”
to locate in regions of restricted gene flow or population density and stop
“pushed waves” Barton and Hewitt, 1985; Barton and Turelli, 2011), (see
also “invasion pinning” in Keitt et al., 2001).
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3.1 Implications
3.1.1 Natural Systems
This work was originally motivated by biological systems. It is interesting
to ask, based on these results, where we might expect to see underdominant
polymorphism being maintained in wild populations. Population network
configurations exist in which even subtle levels of underdomaince can main-
tain stable geographic differences between populations with substantial rates
of migration. Chromosomal rearrangements that lead to strong underdomi-
nance can occur at relatively high rates and are rapidly established between
closely related species (White, 1978; Jacobs, 1981). Subtle underdominant
interactions may be more widespread than previously appreciated and may
have played a large role in shaping gene regulatory networks (Stewart et al.,
2013). Note also that weak effects among loci can essentially self organize
to become coupled and that this effect may extend to a broader class of
underdominant-like effects such as the well known Dobzhansky-Muller in-
compatabilites (Barton and De Cara, 2009; Landguth et al., 2015). We
have found that bifurcating tree-shaped (dendritic) networks have very high
stability. Key natural occurrences of dendritic habitats include freshwater
drainage systems, as well as oceanic and terrestrial ridge systems. Indeed, a
role of underdominance in shaping patterns of population divergence across
connected habitats has been implicated, either directly or indirectly, in fresh-
water fish species (Fernandes-Matioli and Almeida-Toledo, 2001; Alves et al.,
2003; Nolte et al., 2009), salamanders (Fitzpatrick et al., 2009; Feist, 2013),
frogs (Bush et al., 1977) (see also (Wilson et al., 1974)), semiaquatic marsh
rats (Nachman and Myers, 1989), and Telmatogeton flies in Hawai‘i, which
rely on freshwater streams for breeding environments (Newman, 1977) (in
the case of Dipterans we are ignoring chromosomal inversions which do not
result in underdominance in this group Coyne et al., 1991, 1993). In fact,
alpine valleys around streams also follow a connected treelike branching
pattern and there are examples of extensive underdominance in small mam-
mals found in valleys in mountainous regions (Pia´lek et al., 2001; Basset
et al., 2006; Britton-Davidian et al., 2000). To the extent that persisting
underdominant and underdominant-like fitness effects may promote specia-
tion (rates of karyotype evolution and speciation are correlated Bush et al.,
1977) it should be noted that freshwater streams contain 40% of all fish
species yet are only 1% of the available fish habitat and that a higher rate
of speciation is indeed inferred for freshwater versus marine systems (Bloom
et al., 2013).
However, there are also examples of the maintenance of underdominant
polymorphisms that are not found in species associated with limnological
structures. For example, the island of Sulawesi itself has an unusual branch-
ing shape and a large number of terrestrial mammal species with a 90% or
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greater rate of endemism excluding bats (Groves, 2001). Other factors that
are associated with underdominant stability are the diameter of the network
and having an even order of nodes. The Hawaiian islands essentially form
a linear network of four major island groups (Ni‘ihau & Kaua‘i—O‘ahu—
Maui Nui—Hawai‘i) and are known for their high species diversity and rates
of speciation with examples in birds (Lerner et al., 2011), spiders (Gillespie,
2004), insects (Magnacca and Price, 2015), and plants (Helenurm and Gan-
ders, 1985; Givnish et al., 2009). For example, the Hawaiian Drosophila cras-
sifemur complex has maintained chromosomal rearrangements between the
islands that are predicted to result in underdominance (Yoon et al., 1975).
Perhaps the network topology of the Hawaiian archipelago (in addition to
the diversity of micro-climates, environments, and ongoing inter-island colo-
nizations) has contributed to the high rates of diversification found on these
islands.
In contrast, areas where we might expect to see less maintenance of ge-
netic diversity that can contribute to boundaries to gene flow are in highly
interconnected networks with low diameters such as, perhaps, marine broad-
cast spawners with long larval survival times that are associated with the
shallow waters around islands (i.e., the network nodes). Examples of a lack
of speciation in such groups, distributed over areas as large as half of the
Earth’s circumference, exist (Palumbi, 1992; Lessios et al., 2003).
Another type of network is one that is distributed over time rather
than space. Underdominant interactions have been inferred in the Ameri-
can bellflower Campanula americana (Galloway and Etterson, 2005). This
species is unusual in that individuals can either be annual or biennial de-
pending on the time of seed germination. Given that the majority of seeds
are expected to germinate within a single year (Galloway, 2001), even-year
biennials may form a somewhat distinct population from odd-year biennials
with gene flow occurring by the subset of annual plants—forming an even or-
dered network. Finally, a tantalizing combination exists in the pink salmon,
Oncorhynchus gorbuscha, of the North Pacific. This species is both biennial
and returns to native freshwater streams to spawn. Indeed, artificial crosses
between even and odd year individuals (of the same species) have revealed
extensive genetic differences with hybrid disgenesis (Gharrett and Smoker,
1991; Limborg et al., 2014).
3.1.2 Applications
Various “transgene mitigation” methods have been proposed to prevent the
transfer of genetic modifications from genetically engineered crops to tradi-
tional varieties or wild relatives (Lee and Natesan, 2006; Daniell, 2002; Hills
et al., 2007; Kwit et al., 2011) including the use of underdominant constructs
(Reeves and Reed, 2014; Soboleva et al., 2003). In a species with limited
pollen dispersal, it may be tempting to plant a buffer crop area between
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a GMO crop with underdominant transgene mitigation and an adjacent
unmodified population. However, these results suggest that, over multiple
generations, this configuration may actually destabilize the system and pro-
mote the spread or loss of the genetic modification. In a simplistic scenario
a single flanking buffer population results in an odd number of populations,
breaking the evenness rule of stability (unless the populations are arranged
in essentially a V = 5 star pattern, Figure 1). Depending on local condi-
tions, it may be preferable to plant two distinct yet adjacent buffer crops or
none at all. Of particular note are genetically modified and wild species that
exist in freshwater systems, such as rice (Lu and Yang, 2009) and fish (De-
vlin et al., 2006). Our predictions suggest that underdominant containment
may in general have enhanced stability in these situations. However, this
can work both ways. Genetic modifications may be amiable to underdomi-
nant mitigation strategies to prevent establishment in the wild; yet, difficult
to remove from freshwater systems if established.
Using underdominance to stably yet reversibly genetically modify a wild
population is one goal within the field of genetic pest management. The
potential implications of these results depend on the amount of modified in-
dividuals that could be released into the wild. If the numbers are sufficiently
high to transform an entire region then highly interconnected populations
would be ideal to ensure full transformation. However, as is much more
likely, if the number of individuals that can be released is much smaller
than the total wild population, transformation might best be achieved in
a stepwise strategy utilizing linear or treelike population configurations. In
the case of Hawai‘i, limiting the effects of avian malaria by modifying non-
native Culex mosquitoes has been proposed as a method to prevent further
extinctions of native Hawaiian forest birds (Clarke, 2002). Linear island
archipelagos and their river valleys (Culex are more common at lower eleva-
tions, van Riper III et al., 1986) may be ideal cases to both transform local
populations yet prevent genetic modifications from becoming established
outside of the intended area.
3.2 Future Directions
It will come as no surprise to an evolutionary biologist that systems with
greater genetic isolation (such as freshwater streams versus marine envi-
ronments) will lead to increased genetic divergence and rates of speciation;
however, the implication we are focusing on here is the influence of the pop-
ulation network topology. We are suggesting that, for the same degree of
migration rate isolation, alternative network topologies might be compared
to inferred rates of speciation and/or enhanced genetic diversity that leads
to hybrid dysgenesis. A consideration of the geological history is also ap-
propriate to incorporate effects such as stream capture and the merging of
islands on biological diversity. A proper meta-analysis or experimental evo-
15
lution of this network topology effect is beyond the scope of the current
manuscript but would be useful projects to further explore these effects.
4 Competing Interests
The authors claim no competing interests.
5 Authors’ Contributions
FAR conceived the study; FAR and A´JL carried out the programming and
analysis; FAR and A´JL drafted the manuscript. All authors gave final ap-
proval for publication.
6 Acknowledgments
We thank Arne Nolte, Mohamed Noor, and Arne Traulsen for helpful com-
ments and Vanessa Reed for copy editing.
7 Funding
This work was supported by a grant to A´JL from the Charles H. and Mar-
garet B. Edmondson Fund and a grant to FAR from the Victoria S. and
Bradley L. Geist Foundation administered by the Hawai‘i Community Foun-
dation Medical Research Program, 12ADVC-51343.
References
B. Adlam, K. Chatterjee, and M. A. Nowak. Amplifiers of selection.
Proc. R. Soc. A, 471:20150114, 2015. doi: 10.1098/rspa.2015.0114.
Philipp M. Altrock, Arne Traulsen, R. Guy Reeves, and Floyd A. Reed.
Using underdominance to bi-stably transform local populations. Journal
of Theoretical Biology, 267(1):62–75, 2010. doi: 10.1016/j.jtbi.2010.08.
004.
Philipp M. Altrock, Arne Traulsen, and Floyd A. Reed. Stability properties
of underdominance in finite subdivided populations. PLoS Computational
Biology, 7(11), 2011. doi: 10.1371/journal.pcbi.1002260.
Anderson Lu´ıs Alves, Claudio Oliveira, and Fausto Foresti. Karyotype
variability in eight species of the subfamilies loricariinae and ancistrinae
(teleostei, siluriformes, loricariidae). Caryologia, 56(1):57–63, 2003.
16
N. H. Barton and S. Rouhani. The Probability of Fixation of a New Kary-
otype in a Continuous Population. Evolution, 45(3):499–517, 1991.
NH Barton and Michael Turelli. Spatial waves of advance with bistable dy-
namics: cytoplasmic and genetic analogues of allee effects. The American
Naturalist, 178(3):E48–E75, 2011.
Nicholas H. Barton and M. A. R. De Cara. The evolution of strong reproduc-
tive isolation. Evolution, 63:1171–1190, 2009. doi: 10.1111/j.1558-5646.
2009.00622.x.
Nicholas H Barton and GM Hewitt. Analysis of hybrid zones. Annual Review
of Ecology and Systematics, pages 113–148, 1985.
P Basset, G Yannic, and J Hausser. Genetic and karyotypic structure in
the shrews of the sorex araneus group: are they independent? Molecular
Ecology, 15(6):1577–1587, 2006.
Bengt Olle Bengtsson and Walter F. Bodmer. On the increase of chromo-
some mutations under random mating. Theoretical Population Biology, 9
(2):260–281, 1976.
Devin D. Bloom, Jason T. Weir, Kyle R. Piller, and Nathan R. Lovejoy.
Do Freshwater Fishes Diversify Faster Than Marine Fishes? A Test Us-
ing State-Dependent Diversification Analyses And Molecular Phylogenet-
ics Of New World Silversides (Atherinopsidae). Evolution, 67:2040–2057,
2013. doi: 10.1111/evo.12074.
Janice Britton-Davidian, Josette Catalan, Maria da Graca Ramalhinho,
Guila Ganem, Jean-Christophe Auffray, Ruben Capela, Manuel Biscoito,
Jeremy B. Searle, and Maria da Luz Mathias. Rapid chromosomal evolu-
tion in island mice. Nature, 403:158, 2000.
G L Bush, S M Case, A C Wilson, and J L Patton. Rapid speciation and
chromosomal evolution in mammals. Proceedings of the National Academy
of Sciences of the United States of America, 74(9):3942–3946, 1977. doi:
10.1073/pnas.74.9.3942.
Tom Clarke. Mosquitoes minus malaria. Nature, 419(6906):429–430, 2002.
Jerry A Coyne, S Aulard, and A Berry. Lack of underdominance in a nat-
urally occurring pericentric inversion in drosophila melanogaster and its
implications for chromosome evolution. Genetics, 129(3):791–802, 1991.
Jerry A Coyne, Wendy Meyers, Anne P Crittenden, and Paul Sniegowski.
The fertility effects of pericentric inversions in drosophila melanogaster.
Genetics, 134(2):487–496, 1993.
17
CF Curtis. Possible use of translocations to fix desirable genes in insect pest
populations. Nature, 218:368–369, 1968.
Henry Daniell. Molecular strategies for gene containment in transgenic
crops. Nature Biotechnology, 20(6):581–586, 2002.
S. Davis, N. Bax, and P. Grewe. Engineered underdominance allows efficient
and economical introgression of traits into pest populations. Journal of
Theoretical Biology, 212(1):83–98, 2001. doi: 10.1006/jtbi.2001.2357.
Robert H Devlin, L Fredrik Sundstro¨m, and William M Muir. Interface of
biotechnology and ecology for environmental risk assessments of trans-
genic fish. Trends in Biotechnology, 24(2):89–97, 2006.
Margaret J. Eppstein, Joshua L. Payne, and Charles J. Goodnight. Under-
dominance, Multiscale Interactions, and Self-Organizing Barriers to Gene
Flow. Journal of Artificial Evolution and Applications, 2009:1–13, 2009.
doi: 10.1155/2009/725049.
Rui Faria and Arcadi Navarro. Chromosomal speciation revisited: rearrang-
ing theory with pieces of evidence. Trends in Ecology & Evolution, 25(11):
660–669, 2010.
Sheena M. Feist. Hellbender (Cryptobranchus alleganiensis) gene flow within
rivers of the missouri ozark highlands. Master’s thesis, University of
Missouri-Columbia, May 2013.
Flora MC Fernandes-Matioli and Lurdes F Almeida-Toledo. A molecular
phylogenetic analysis in gymnotus species (pisces: Gymnotiformes) with
inferences on chromosome evolution. Caryologia, 54(1):23–30, 2001.
R. A. Fisher. On the dominance ratio. Proceedings of the Royal Society of
Edinburgh, 42:321–341, 1922.
R.A. Fisher. The wave of advance of advantageous genes. Annals of Eugen-
ics, 7:355–369, 1937.
Benjamin M Fitzpatrick, Jarrett R Johnson, D Kevin Kump, H Bradley
Shaffer, Jeramiah J Smith, and S Randal Voss. Rapid fixation of non-
native alleles revealed by genome-wide snp analysis of hybrid tiger sala-
manders. BMC Evolutionary Biology, 9(1):176, 2009.
Marcus Frean, Paul B Rainey, and Arne Traulsen. The effect of population
structure on the rate of evolution. Proceedings of the Royal Society of
London B: Biological Sciences, 280(1762):20130211, 2013.
L. F. Galloway and J. R. Etterson. Population differentiation and hybrid
success in campanula americana: geography and genome size. Journal of
Evolutionary Biology, 18:81–89, 2005.
18
Laura F Galloway. The effect of maternal and paternal environments on
seed characters in the herbaceous plant campanula americana (campanu-
laceae). American Journal of Botany, 88(5):832–840, 2001.
A J Gharrett and W W Smoker. Two generations of hybrids between even-
and odd-year pink salmon (Oncorhynchus gorbuscha): a test for outbreed-
ing depression? Canadian Journal of Fisheries and Aquatic Sciences, 48
(King 1955):1744–1749, 1991.
Rosemary Gillespie. Community assembly through adaptive radiation in
hawaiian spiders. Science, 303(5656):356–359, 2004.
Thomas J Givnish, Kendra C Millam, Austin R Mast, Thomas B Paterson,
Terra J Theim, Andrew L Hipp, Jillian M Henss, James F Smith, Ken-
neth R Wood, and Kenneth J Sytsma. Origin, adaptive radiation and
diversification of the hawaiian lobeliads (asterales: Campanulaceae). Pro-
ceedings of the Royal Society of London B: Biological Sciences, 276(1656):
407–416, 2009.
C. Groves. Faunal and floral migrations and evolution in SE Asia-Australia,
chapter Mammals in Sulawesi: where did they come from and when, and
what happened to them when they got there, pages 333–342. CRC Press,
2001.
J. B. S. Haldane. A mathematical theory of natural and artificial selection.
part v. selection and mutation. Proc Camb Philol Soc, 23:838––844, 1927.
Godfrey H. Hardy. Mendelian proportions in a mixed population. Science,
28:49–50, 1908.
Louise Harewood, Fre´de´ric Schu¨tz, Shelagh Boyle, Paul Perry, Mauro De-
lorenzi, Wendy A Bickmore, and Alexandre Reymond. The effect of
translocation-induced nuclear reorganization on gene expression. Genome
Research, 20(5):554–564, 2010.
Philip W. Hedrick. The Establishment of Chromosomal Variants. Evolution,
35(2):322–332, 1981.
Philip W. Hedrick and Donald A. Levin. Kin-Founding and the Fixation of
Chromosomal Variants. The American Naturalist, 124(6):789–797, 1984.
doi: 10.1086/284317.
Kaius Helenurm and Fred R Ganders. Adaptive radiation and genetic dif-
ferentiation in hawaiian bidens. Evolution, pages 753–765, 1985.
Melissa J. Hills, Linda Hall, Paul G. Arnison, and Allen G. Good. Ge-
netic use restriction technologies (GURTs): strategies to impede trans-
gene movement. Trends in Plant Science, 12(4):177–183, 2007. doi:
10.1016/j.tplants.2007.02.002.
19
Laura Hindersin and Arne Traulsen. Counterintuitive properties of the fixa-
tion time in network-structured populations. Journal of The Royal Society
Interface, 11(99):20140606, 2014.
Laura Hindersin and Arne Traulsen. Almost all random graphs are ampli-
fiers of selection for birth-death dynamics, but suppressors of selection for
death-birth dynamics, 2015.
P. A. Jacobs. Mutation rates of structural chromosome rearrangements in
man. American Journal of Human Genetics, 33:44–54, 1981.
Alastair Jamieson-Lane and Christoph Hauert. Fixation probabilities on
superstars, revisited and revised. Journal of Theoretical Biology, 382:
44–56, 2015.
Samuel Karlin and James McGregor. Application of method of small pa-
rameters to multi-niche population genetic models. Theoretical Population
Biology, 3:186–209, 1972a. doi: 10.1016/0040-5809(72)90026-3.
Samuel Karlin and James McGregor. Polymorphisms for Genetic and Eco-
logical Systems with Weak Coupling. Theoretical Population Biology, 3:
210–238, 1972b.
Timothy H Keitt, Mark A Lewis, and Robert D Holt. Allee effects, invasion
pinning, and species’ borders. The American Naturalist, 157(2):203–216,
2001.
Charles Kwit, Hong S Moon, Suzanne I Warwick, and C Neal Stewart.
Transgene introgression in crop relatives: molecular evidence and mitiga-
tion strategies. Trends in Biotechnology, 29(6):284–293, 2011.
Russel Lande. The Expected Fixation Rate of Chromosomal Inversions.
Evolution, 38(4):743–752, 1984.
Russel Lande. The fixation of chromosomal rearrangements in a subdivided
population with local extinction and colonization. Heredity, 54:323–332,
1985. doi: 10.1038/hdy.1985.43.
Erin L Landguth, Norman A Johnson, and Samuel A Cushman. Clusters
of incompatible genotypes evolve with limited dispersal. Frontiers in Ge-
netics, 6, 2015.
David Lee and Ellen Natesan. Evaluating genetic containment strategies for
transgenic plants. Trends in Biotechnology, 24(3):109–114, 2006.
Heather RL Lerner, Matthias Meyer, Helen F James, Michael Hofreiter, and
Robert C Fleischer. Multilocus resolution of phylogeny and timescale in
the extant adaptive radiation of hawaiian honeycreepers. Current Biology,
21(21):1838–1844, 2011.
20
HA Lessios, J Kane, DR Robertson, and G Wallis. Phylogeography of
the pantropical sea urchin tripneustes: contrasting patterns of popula-
tion structure between oceans. Evolution, 57(9):2026–2036, 2003.
Morten T. Limborg, Ryan K. Waples, James E. Seeb, and Lisa W. Seeb.
Temporally Isolated Lineages of Pink Salmon Reveal Unique Signatures
of Selection on Distinct Pools of Standing Genetic Variation. Heredity,
105(6):1–11, 2014. doi: 10.5061/dryad.pp43m.
Bao-Rong Lu and Chao Yang. Gene flow from genetically modified rice to its
wild relatives: Assessing potential ecological consequences. Biotechnology
Advances, 27(6):1083–1091, 2009. doi: 10.1016/j.biotechadv.2009.05.018.
Karl N Magnacca and Donald K Price. Rapid adaptive radiation and
host plant conservation in the hawaiian picture wing drosophila (diptera:
Drosophilidae). Molecular Phylogenetics and Evolution, 2015.
M W Nachman and P Myers. Exceptional chromosomal mutations in a
rodent population are not strongly underdominant. Proceedings of the
National Academy of Sciences of the United States of America, 86(17):
6666–6670, 1989. doi: 10.1073/pnas.86.17.6666.
Lester J Newman. Chromosomal evolution of the hawaiian telmatogeton
(chironomidae, diptera). Chromosoma, 64(4):349–369, 1977.
A. W. Nolte, Z. Gompert, and C. A. Buerkle. Variable patterns of intro-
gression in two sculpin hybrid zones suggests that genomic isolation differs
among populations. Molecular Ecology, 18:2615–2627, 2009.
Stephen R Palumbi. Marine speciation on a small planet. Trends in Ecology
& Evolution, 7(4):114–118, 1992.
Joshua L. Payne, Margaret J. Eppstein, and Charles C. Goodnight. Sensi-
tivity of self-organized speciation to long-distance dispersal. Proceedings
of the 2007 IEEE Symposium on Artificial Life, CI-ALife 2007, pages 1–7,
2007. doi: 10.1109/ALIFE.2007.367651.
Jaroslav Pia´lek and Nick H. Barton. The spread of an advantageous al-
lele across a barrier: The effects of random drift and selection against
heterozygotes. Genetics, 145:493–504, 1997.
Jaroslav Pia´lek, Heidi C Hauffe, Kathryn M Rodr´ıguez-Clark, and Jeremy B
Searle. Raciation and speciation in house mice from the alps: the role of
chromosomes. Molecular Ecology, 10(3):613–625, 2001.
R Development Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria,
2008. URL http://www.R-project.org. ISBN 3-900051-07-0.
21
R. G. Reeves and F. A. Reed. Stable transformation of a population and a
method of biocontainment using haploinsufficiency and underdominance
principles, 2014. WO Patent App. PCT/EP2013/077856, WO2014096428
A1.
R. Guy Reeves, Jaros law Bryk, Philipp M. Altrock, Jai A. Denton, and
Floyd A. Reed. First steps towards underdominant genetic transformation
of insect populations. PLoS One, 9(5):e97557, January 2014. doi: 10.1371/
journal.pone.0097557.
Mikkel Heide Schierup and Freddy Bugge Christiansen. Inbreeding depres-
sion and outbreeding depression in plants. Heredity, 77(July 1995):461–
468, 1996. doi: 10.1038/hdy.1996.172.
Steven P Sinkins and Fred Gould. Gene drive systems for insect disease
vectors. Nature Reviews Genetics, 7(6):427–435, 2006.
Brian Skyrms. The stag hunt. In Proceedings and Addresses of the American
Philosophical Association, pages 31–41, 2001.
T. K. Soboleva, P. R. Shorten, A. B. Pleasants, and A. L. Rae. Qualitative
theory of the spread of a new gene into a resident population. Ecological
Modelling, 163:33–44, 2003. doi: 10.1016/S0304-3800(02)00357-5.
F Spirito. The exact values of the probability of fixation of underdominant
chromosomal rearrangements. Theoretical Population Biology, 41:111–
120, 1992. doi: 10.1016/0040-5809(92)90039-V.
Franco Spirito, Carla Rossi, and Marco Rizzoni. Populational interactions
among underdominant chromosome rearrangements help them to persist
in small demes. Journal of Evolutionary Biology, 3:501–512, 1991. doi:
10.1046/j.1420-9101.1991.4030501.x.
Alexander J. Stewart, Robert M. Seymour, Andrew Pomiankowski, and Max
Reuter. Under-Dominance Constrains the Evolution of Negative Autoreg-
ulation in Diploids. PLoS Computational Biology, 9(3):e1002992, 2013.
doi: 10.1371/journal.pcbi.1002992.
S H Strogatz. Exploring complex networks. Nature, 410(March):268–276,
2001. doi: 10.1038/35065725.
T. Lumley using Fortran code by A. Miller. leaps: regression subset selection,
2009. URL https://cran.r-project.org/web/packages/leaps/. R
package version 2.9.
Arne Traulsen and Floyd A. Reed. From genes to games: Cooperation and
cyclic dominance in meiotic drive. Journal of Theoretical Biology, 299:
120–125, 2012. doi: 10.1016/j.jtbi.2011.04.032.
22
Charles van Riper III, Sandra G van Riper, M Lee Goff, and Marshall Laird.
The epizootiology and ecological significance of malaria in hawaiian land
birds. Ecological Monographs, 56(4):327–344, 1986.
James Bruce Walsh. Rate of Accumulation of Reproductive Isolation by
Chromosome Rearrangements. The American Naturalist, 120(4):510–532,
1982. doi: 10.1086/284008.
M. J. D. White. Modes of Speciation. W. H. Freeman, San Francisco, 1978.
A. C. Wilson, V. M. Sarich, and L. R. Maxson. The importance of gene re-
arrangement in evolution: evidence from studies on rates of chromosomal,
protein, and anatomical evolution. Proceedings of the National Academy
of Sciences of the United States of America, 71(8):3028–3030, 1974. doi:
10.1073/pnas.71.8.3028.
David Sloan Wilson and Michael Turelli. Stable Underdominance and the
Evolutionary Invasion of Empty Niches. The American Naturalist, 127
(6):835–850, 1986.
S. Wright. Evolution in mendelian populations. Genetics, 16, 1931.
S. Wright. On the probability of fixation of reciprocal translocations. Am
Nat, 75, 1941.
Feng Xie and David Levinson. Measuring the structure of road networks.
Geographical Analysis, 39:336–356, 2007. doi: 10.1111/j.1538-4632.2007.
00707.x.
Jong Sik Yoon, Kathleen Resch, MR Wheeler, and RH Richardson. Evolu-
tion in hawaiian drosophilidae: Chromosomal phylogeny of the drosophila
crassifemur complex. Evolution, pages 249–256, 1975.
23
